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ABSTRACT
There is growing evidence that a clear distinction between magnetars and radio pulsars
may not exist, implying the population of neutron stars that exhibit both radio pulsa-
tions and bursting activities could be potentially large. In this situation, new insights
into the burst mechanism could be gained by combining the temporal behavior of radio
pulsations. We present a general model for radio suppression by relativistic e± plasma
outflows at the onset of magnetar flares. A sudden ejection of magnetic energy into the
magnetosphere would generate a fireball plasma, which is promptly driven to expand
at relativistic speed. This would make the plasma cutoff frequency significantly higher
than radio frequencies, resulting in the suppression of radio waves. We analytically
show that any GHz radio emission arising from the magnetosphere is suppressed for
O(100s), depending on the fireball energy. On the other hand, a thermal radiation is
expected from the hot spot(s) on the stellar surface created by inflows of dense plasma,
which could be the origin of short bursts. Since our hypothesis predicts radio suppres-
sion in coincidence with short bursts, this could be an indirect method to constrain
the occurrence rate of short bursts at the faint end that remain undetected by X-ray
detectors. Furthermore, we estimate the expected µsec-scale photospheric gamma-ray
emission of plasma outflows. Finally, our model is applied to the radio pulsar with
magnetar-like activities, PSR J1119–6127 in light of recent observations. Implications
for fast radio bursts and the possibility of plasma lensing are also discussed.
Key words: stars: neutron, magnetars – X-rays: bursts – pulsars: general – pulsars:
individual: PSR J1119–6127 – radio continuum: transients.
1 INTRODUCTION
Magnetars (Duncan & Thompson 1992), an enigmatic class
of highly magnetized neutron star, are known to exhibit flar-
ing activities, broadly classified into “giant flares” (1044–1047
erg s−1 emitted in several minutes), “intermediate flares”
(1041–1043 erg s−1) or “short bursts” (1036–1041 erg s−1
with duration ranging from a few millisecond to a few
second), as well as large and sudden increases (factor of
10–1000 up to 1036 erg s−1, lasting . 1 yr) of the persis-
tent emission (“outbursts”) which often accompany a vari-
ety of anomalies in radiative behaviors (see Rea & Esposito
2011; Kaspi & Beloborodov 2017 for recent reviews). Among
them, short bursts are the most common events, display-
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ing a variety of underlying duty cycles. While some short
bursts have clustered distributions in time (“Soft Gamma-
ray Repeaters”; SGRs), others do not (“Anomalous X-ray
Pulsars”; AXPs). There is a variety of progenitor mod-
els proposed for magnetar flares; some of them are re-
lated to an internal instability that leads to the sudden
ejection of magnetic energy from the core into magneto-
sphere (Thompson & Duncan 1995, 2001), while others to
an external release of magnetic energy through magnetic
reconnections (Lyutikov 2003; Gill & Heyl 2010; Yu 2012;
Parfrey et al. 2013; Yu & Huang 2013).
Some magnetars are known to exhibit transient coher-
ent radio pulsations during their burst active phases (e.g.,
Camilo et al. 2006; Camilo et al. 2007a), suggesting pos-
sible connections to radio pulsars. Meanwhile, magnetar-
like short bursts have been discovered from a radio pul-
c© 2018 The Authors
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Figure 1. Schematic pictures of the model for short bursts and the radio suppression. (a) At the onset of the fireball release, a fraction of
fireball plasma drifts downward along the magnetic loop and heats the surface of the neutron star, creating a hot spot. The pulsed radio
emissions are assumed to be generated at altitude hem = 100–1000 km above the neutron star surface. (b) After the fireball expansion,
the radio emission site is covered by a dense e±γ plasma, which makes the plasma frequency significantly higher than radio frequencies,
resulting in the suppression of radio emissions. While the hot spot on the stellar surface emanates soft X-ray emissions that are not
affected by a plasma flow (the light-bending effect in the vicinity of the stellar surface is neglected for the purpose of presentation).
sar (Go¨g˘u¨s¸ et al. 2016; Kennea et al. 2016; Younes et al.
2016). Under such circumstances, any isolated neutron star
with magnetar-like activity may potentially have radio pul-
sations, whereas any ordinary radio pulsar that seems in
burst-inactive states can occasionally show bursting activ-
ities. Therefore, the number of neutron stars that exhibit
both radio pulsations and bursting activities could be poten-
tially large and considerably increased by future wide-field
transient surveys.
Furthermore, Archibald et al. 2017 have recently re-
ported an observation of magnetar-like short bursts from
a radio pulsar PSR J1119–6127, which coincide in time with
the suppression of periodic radio emissions. For each short
burst, the persistent 1.4 GHz radio flux initially gets sup-
pressed, followed by the recovery to its quiescent level on
time scale of ∼ 10–100 s, which is much longer than the spin
period of the pulsar (P∼ 0.4 s), requiring new explanations.
Given such relationship between radio pulsations and burst-
ing activities, considering both might enable us to gain new
insights into the burst mechanism. In this paper we propose
a model for radio suppression mechanism at the onset of
short bursts, getting inspirations from the intriguing find-
ings by Archibald et al. 2017. We give a brief overview of
our model in what follows (see also figure 1).
We consider a situation that short bursts occur in an
isolated neutron star with pulsed radio emissions. Note that
we do not necessarily suppose radio pulsars or magnetars,
and thus our model is of wide application. A sudden deposi-
tion of the magnetic energy into the magnetosphere may
generate an extremely optically thick, compact photolep-
tonic plasma (so-called “fireball”). The fireball eruption is
expected to occur at the top of the magnetic loop in analogy
with solar flares (e.g., Lyutikov 2006; Masada et al. 2010).
Depending on the pressure balance between the fireball and
the magnetic field at the fireball formation site, the fireball is
instantaneously driven to expand relativistically by its own
internal pressure, acquiring a bulk Lorentz factor of ∼ 103
[see equation (A20) in appendix A].
As a consequence of the fireball expansion, the mag-
netosphere is covered by a dense e± plasma of the fireball,
which would make the local plasma cutoff frequency many
orders of magnitude larger than radio frequencies (∼ GHz).
Pulsar radio emissions are generally considered to be re-
lated to the particle acceleration above the polar cap region,
which is defined by the last open magnetic field line. We
assume that a similar radio emission mechanism is operated
in bursting neutron stars. The generation of radio pulses is
expected to continue during the fireball expansion, while the
surrounding environment becomes dense enough to prohibit
the radio emission to propagate. Therefore, whatever the
radio emission mechanism is, pulsed radio emissions (if ex-
ists) would be inevitably suppressed until the local plasma
density sufficiently decreases as the fireball expands. The re-
covery timescale of the radio emission is determined by the
initial fireball properties.
In addition to the outflowing plasma component dis-
cussed above, we also consider the inflowing plasma compo-
nent, which includes a trapped fireball that remains con-
fined to the stellar surface by the closed magnetic fields
(Thompson & Duncan 1995). At the onset of the fireball
formation, some fraction of the fireball plasma may drift
downward along the magnetic loop, bombarding the foot-
points (loop base) effectively, which may in turn lead to the
formation of a hot spot at the surface of the neutron star.
Depending on the energy deposited by the particle inflow,
the hot spot emanates soft X-ray emissions lasting ∼ 0.1 s,
observed as short bursts often seen in the magnetar popu-
lation. Meanwhile, the outflowing plasma component might
also emanate electromagnetic (EM) radiations, which could
be observed as a smoking gun. We consider this possibility
and thereby show that the fireball itself produces photo-
spheric emission in hard X-ray to MeV gamma-ray range
MNRAS 000, 1–13 (2018)
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Figure 2. Schematic picture of the fireball evolution with an initial fireball size of ri = 10
5 cm. The photospheric emissions expected
during coasting phase (phase IV) are shown as wavy arrows, which would be observed as ultra-fast gamma-ray flashes. Variations of ri
do not significantly influence the scaling between adjacent critical radii (only r±/rm weakly depends on ri as r±/rm ≈ 13.4+ log ri,5). See
appendix A for the detailed derivation of each value.
after entering the optically thin regime, although the de-
tection is challenging due to its extremely short duration
(∼ µs).
This paper is outlined as follows. In section 2, we de-
scribe the triggering mechanism of short bursts, putting an
emphasis on the fireball evolution. We then examine the
consequence of the fireball expansion, proposing a model for
radio suppression by pair plasma in section 3. The temporal
behavior, spectrum and observability of the EM counterpart
arising from the fireball photosphere is discussed in section
4. Our radio suppression model is applied to the high field
radio pulsar with bursting activities (PSR J1119–6127) in
section 5.1, and implications for magnetar model of Fast
Radio Bursts are presented in section 5.2. Some discussions
on the possibility of plasma lensing and conclusions will be
given in section 6. The detailed analytic derivation of the
fireball evolution is summarized in appendix A. Hereafter
we often adopt a notation Qx = Q/10
x in cgs units and an
unit kB = 1= c (kB and c are Boltzmann’s constant and speed
of light, respectively) regarding the temperature of the fluid
(i.e., the temperature T and the electron rest mass energy
me share the same dimension).
2 EVENT TRIGGER MECHANISM
2.1 Fireball expansion
A sudden release of pure energy into a relatively compact
volume in the magnetosphere leads to the formation of a
radiation-dominated e± pair plasma (so-called “fireball”).
We consider a situation that the fireball is not trapped by
the magnetic pressure in the magnetosphere. No sooner is
the fireball formed than it frees itself from the confinement
of the magnetic pressure and starts to expand. This is possi-
ble depending on the formation height and/or the magnetic
field geometry near the surface of the neutron star (e.g., a
highly non-dipolar configuration discussed by Huang & Yu
2014a,b; Yao et al. 2018).
The fireball is treated as a spherically evolving rela-
tivistic fluid composed of e+e− pairs plus γ photons (possi-
bly with some baryons as discussed in appendix A). Photons
can be regarded as a relativistic fluid, since they are strongly
coupled with pairs due to the extremely optically thick en-
vironment. The conservation of energy and momentum for a
steady hydrodynamical flow in spherical symmetry leads to
a set of simple scaling laws that govern the radial evolution
of the bulk Lorentz factor and temperature (Paczynski 1986;
Goodman 1986). The bulk Lorentz factor increases linearly
with r as Γ≈ Γi(r/ri) for r < r∞, where ri is the initial fireball
size and r∞ the saturation radius above which the acceler-
ation of plasma stops and fireball enters a coasting phase
with an asymptotic bulk Lorentz factor Γ∞. Meanwhile the
fireball temperature cools as T ≈ Ti(r/ri)
−1. The dynamical
evolution of fireball is uniquely determined by initial fireball
parameters ri, Ti and Γi. For the sake of simplicity, we im-
plicitly assume Γi = 1 and different values of ri and Ti are
tried.
In addition to the dynamical evolution, we consider the
evolution of the pair number density, taking into account
the interactions among pairs and photons (i.e., creation and
annihilation). We denote the number density of fireball elec-
trons (equal to that of positrons) by ne, and hence the
net lepton number density 2ne. We assume that the fireball
plasma starts to evolve from the equilibrium number density
of electrons (and positrons) given as (Thompson & Duncan
1995)
ne,eq(T ) ≈
2
(2pi)3/2
λ−3C (T/me)
3/2
e−me/T
∼ 1028 (T/me)
3/2
e−me/T cm−3, (1)
where λC is the Compton length. The quantum effects un-
der the magnetic field higher than the critical field strength
BQ ≡ m
2
ec
3/(eh¯) ∼ 4.4 × 1013 G may change the equilib-
rium number density by a factor of ∼ B/BQ (Harding & Lai
2006), but barely affect the result. To summarize, the evo-
lution of electron (positron) number density ne is charac-
MNRAS 000, 1–13 (2018)
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Table 1. Description of critical radii that control the fireball
evolution.
ri · · · Initial fireball size
rm · · · Electron temperature radius (at which T = me)
r± · · · Pair equilibrium breakup radius
rph · · · Photospheric radius (at which τ ∼ 1)
r∞ · · · Coasting radius
terized by several critical radii that determine the physi-
cal properties of the fireball (Grimsrud & Wasserman 1998;
Iwamoto & Takahara 2002; Li & Sari 2008):
(I)–(II) The initial fireball is at rest in pair equilibrium
due to its high temperature with its size r = ri. It immedi-
ately expands and cools down to the electron rest mass en-
ergy at r = rm, and then the number density of pairs begins
to deviate from the equilibrium number density at r = r±.
(III) The pair annihilation dominates the pair process
since the number of pair-creating high-energy photons de-
creases as the fireball cools. Eventually, the fireball reaches
the photospheric radius r = rph at which the optical depth
to electron scattering becomes an order of unity.
(IV) When the fireball becomes optically thin, photons
begin to leak freely out of the photosphere. However, they
still continues to supply the radiation energy to pairs, which
accelerates pairs up to the coasting radius r = r∞.
(V) The photons cease to inject the radiation energy to
pairs, and the fireball begins to freely coast at constant speed
Γ = Γ∞. The pair annihilation no longer occurs due to the
small number density. Therefore, the total number of pairs
conserves and the pair density evolves as ∝ r−2.
Finally, we obtain the radial evolution of the fireball
from the analytic estimates as shown in appendix A, which
is also summarized in figure 2. Hereafter, we often relate
initial fireball parameters with the total fireball energy by
Efb = aT
4
i r
3
i ∼ 10
40 r3i,5
(
Ti
me
)4
erg. (2)
Although we adopt an initial fireball size of ri = 10
5 cm as
a reference assuming a typical total energy for short bursts
∼ 1040 erg, the results on radii presented in figure 2 can be
easily scaled to other values of ri, since only r±/rm is weakly
dependent on ri [see equation (A10)]. These results will be
used to estimate the time scale for radio suppression and
recovery in section 3.
2.2 Hot spot formation
At the onset of a fireball eruption, some fraction of the fire-
ball plasma may be left at the looptop and stream downward
along the magnetic loop. These energetic particles immedi-
ately bombard the loop base, which leads to create an inho-
mogeneity in temperature (“hot spot”) at the stellar surface
which might be comparable in size to the initial fireball.
Although the formation of multiple hot spots is possible de-
pending on configuration and size of magnetic loops, here
we consider a single hot spot as a whole for simplicity. We
assume that a fraction of the initial fireball energy Efb is con-
verted via the bombardment into the energy of the hot spot
Erad, which is immediately radiated away by the blackbody
emissions. If the hot spot with radius rspot cools by radiating
thermal emissions with temperature Tspot, the phenomeno-
logical duration of the thermal radiation from the hot spot
may be estimated as
∆trad ≈
Erad
σSBT
4
spot4pir
2
spot
∼ 80 Erad,38 r
−2
spot,5
(
Tspot
10 keV
)−4
ms, (3)
where σSB is the Stephan–Boltzmann constant. Here we
adopt a typical blackbody temperature ∼ 10 keV for Erad ∼
1038 erg burst (e.g., 2016 July bursts of PSR J1119–6127,
Go¨g˘u¨s¸ et al. 2016). While the hot spot size rspot could pre-
sumably be related to the initial fireball size ri as rspot ≈ ri as
far as ri . 10
6 cm, the hot spot temperature is expected to
linearly scale with the total energy of radiation as Erad ∝ T
4
spot.
This implies that the duration of the flare estimated above
would be almost constant for a wide range of observed ra-
diation energy Erad = 10
36–1041 erg, which is broadly consis-
tent with the peak ∼ 100 ms in the duration distribution of
short bursts (Kaspi & Beloborodov 2017). The efficiency of
the surface radiation Erad/Efb(. 1) is highly uncertain due
to the lack of knowledge on the energy dissipation process
at the neutron star surface. Given the smaller size and the
higher temperature of the hot spot compared to the whole
stellar surface, the resulting emission should be observed as
pulsed emissions, whose pulsed fraction could be either small
or large, depending on the geometry relative to the observer.
3 RADIO SUPPRESSION BY PAIR
OUTFLOWS
3.1 Persistent radio emissions from magnetars
Up to the present, coherent radio pulsations have been de-
tected from only four magnetars, all of which are transient,
emerging in coincidence with X-ray outbursts (Camilo et al.
2007a,b; Levin et al. 2010; Kaspi et al. 2014). The high-
energy radiation of magnetars is generally considered to be
powered by the magnetic energy, since its characteristic qui-
escent X-ray luminosity 1034–1036 erg s−1 (Rea & Esposito
2011) is in excess of the rotational energy loss rate due
to the magnetic braking (so-called “spin-down luminosity”)
Lsd = 3.9× 10
35 B214R
6
6P
−4 erg s−1 = 1032–1034 erg s−1 where
R is the neutron star radius and P = P/(1 s). On the other
hand, radio pulsations from magnetars are normally faint
(well below Lsd) and might be powered by the rotational en-
ergy (e.g., Szary et al. 2015). Namely, coherent radio emis-
sions from magnetars may be generated by the relativistic
plasma flow accelerated outwards along the open magnetic
field lines with an emission altitude of hem = 10–100R above
the stellar surface, as is likely the case for conventional radio
pulsars. In that case, the persistent radio emission from mag-
netars should be beamed as radio pulsars although the beam
size could be temporarily changed by the bursting activity
(e.g., Beloborodov 2009; Szary et al. 2015). The transient,
low-efficiency, and anisotropic nature of radio emission all
indicate that the detection rate of pulsed radio emissions of
magnetars could be low, which is consistent with observa-
tions. Given the circumstantial evidence above, we assume
MNRAS 000, 1–13 (2018)
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Figure 3. The evolution of electron number density in the plasma rest frame (upper panels, dashed lines), plasma frequency in the
observer frame (upper panels, solid lines) and bulk Lorentz factor of fireball plasma (lower panels) for different initial sizes (left) and
temperatures (right). Equations (A6), (A11), (A13) and (A22) are combined to describe the overall evolution of n′e, which is then
translated into νp by using equation (4) . The initial radius and temperature can be converted into the total fireball energy by using
equation (2).
that a similar radio emission mechanism operates both in
magnetars and radio pulsars.
3.2 Radio suppression and recovery
When the fireball begins to expand, the surrounding envi-
ronment of the radio-emitting region is covered by a fire-
ball plasma. In general, the motion of a charged particle
is strongly confined along the magnetic field line inside the
magnetosphere, and the fireball plasma cannot interact with
particles that are responsible for radio emissions. For this
reason, we can reasonably assume that the generation of ra-
dio emissions continues during the fireball expansion.
As a consequence of an expanding plasma flow, how-
ever, it is expected that any radio emission at ∼ GHz fre-
quencies arising in the magnetosphere would suffer from the
absorption. Here we consider a radio suppression due to the
damping of waves by the pair plasma as a relevant absorp-
tion process. The plasma frequency of the fireball outflow
measured in the observer frame is defined as
νp =
Γ
2pi
√
4pin′ee
2
me
∼ 9.0×103 Γn′e
1/2
Hz, (4)
below which the radiation in general cannot propagate
through the medium. Here Γ is the bulk Lorentz factor of the
fireball and n′e the electron number density measured in the
comoving frame of the fireball plasma. The evolution of n′e
and νp under different initial conditions is shown in figure 3.
One can see that the fireball is in the coasting phase [phase
(V)] when the plasma frequency reaches observing radio fre-
quencies ∼GHz. At this stage (r ≫ r∞), the bulk Lorentz
factor of the plasma stays constant Γ = Γ∞, and the electron
number density decreases as n′e = n
′
e(r∞)(r/r∞)
−2. Substitut-
ing these to equation (4), we can express the the plasma
frequency at phase (V) as a function of time (t ∼ r/c):
νp(t)≈ 4.7×10
11 r
5/8
i,5
(
Ti
me
)2
t−1 Hz (5)
Then, the characteristic time scale for the recovery of the
pulsed radio emissions from suppression by the pair plasma
defined by νp(τrec) = ν ∼ GHz is estimated as
τrec ≈ 4.7×10
2 r
−7/8
i,5
(
Efb
1040 erg
)1/2
ν−19 s, (6)
where we have introduced the total fireball energy Efb by
using equation (2) . From the observational perspective, τrec
is directly obtained by examining a radio light curve and ri
might be related to the observed hot spot size, both of which
allow us to estimate the total fireball energy Efb. Although a
baryon-free fireball is implicitly assumed here, the possible
baryon contamination at the time of fireball formation does
not significantly change our result. We estimate that the
heavy baryon loading would increase νp only by a factor
of . a few (see Appendix A3). One possible uncertainty
in our model is the assumption on the isotropic expansion
of fireball. Given the relatively large initial Lorentz factor
of the fireball (e.g., Γi & 3), it is expected that the fireball
may expand in a highly anisotropic manner; this could result
either in delayed radio suppression or none whatsoever. We
leave the exploration of this possibility for a future work.
Intriguingly, the spectrum of pulsed radio emissions
from four magnetars is known to be flat across wide fre-
quency ranges (typically 1–100 GHz, Kaspi & Beloborodov
2017). A natural consequence of this is that the recovery of
MNRAS 000, 1–13 (2018)
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radio emissions from the complete suppression would take
place gradually (not abruptly) while the plasma frequency
passes through the spectrum energy ranges of magnetars.
Given the observing frequency band ν ∈ [ν1,ν2] that is con-
tained by the flat spectrum frequency ranges of magnetars,
the radio emissions are completely suppressed (νp ≫ ν2) at
early times, and then followed by the subsequent partial re-
covery phase (νp ∈ [ν1,ν2]), whose time scale could be the
same order as τrec for a band width ∆ν ∼ ν.
4 HIGH-ENERGY COUNTERPARTS
In section 2.2, we interpret observed short bursts as thermal
emissions from the hot spot that is generated by particles
inflowing toward the stellar surface. On the other hand, the
expanding fireball is also expected to emanate radiations
at times when it becomes optically thin. Detecting such a
signature of the expanding fireball would be useful to ex-
amine the validity of our scenario presented in section 3.
Here we consider EM wave signatures from expanding fire-
ball component, which should be distinguished from short
bursts originated from inflowing component of the fireball
plasma. While the rest frame temperature of the fireball de-
creases monotonically with increasing radius (T ∝ r−1), the
emissions from the photosphere would be a blackbody with
the Doppler-boosted temperature
Tobs =
T
Γ(1−β µ)
≡DT, (7)
where β µ is the projection of the three velocity onto the
line-of-site, and D being the Doppler factor. Because of the
blue-shifted temperature (by a factor of D ∼ 2Γ–Γ for θ = 0–
1/Γ), the peak energy ranges relatively wider. The observed
photospheric emissions would peak at εobs,peak ∼ 2ΓphTph ≈
2ΓiTi, where we have used ΓT = const. The flux per energy
interval received by a distant observer is given as
N (εobs) =
4piε3obs
h3c2
∫ 1
−1
µdµ
exp(εobs/Tobs)−1
≈
4piε2obs
h3c2
T
Γ
{
− ln
[
1−exp
(
−
εobs
2ΓT
)]}
. (8)
Using T/Γ ∝ r−2 and ΓT = const, the observed spectrum at
d = 10 kpc is presented in figure 4. The observed duration
of the photospheric emission is expressed as
δ tobs = δ t(1−β µ) = δ t
′Γ(1−β µ) = D−1δ t ′, (9)
where δ t ′ and δ t denote the time interval of emitted two
photons in the source comoving frame and in the observer
frame, respectively (hence δ t = Γδ t ′). We can see that the
arrival time difference of two photons is affected by both the
Lorentz-boost and the purely geometrical effect. The burst
lasts during phase (IV) in the source rest frame δ t ′ ∼ r∞/c.
10−2 s. Therefore, the observed duration is extremely short:
δ tobs ∼ δ t
′/Γ∞ . 10
−5 s.
Let Nlim the onboard trigger sensitivity of a gamma-ray
detector at observing energy εobs with sampling time window
texp. In general, detectors are optimized for transients with
duration longer than the minimum sampling time window
∼ O(ms). In the case of ultra-fast gamma-ray flashes with
typical duration δ tobs ∼O(µs) (≪ texp), however, the trigger
Figure 4. The observed spectrum of the photospheric emissions
with different initial fireball size (same as figure 3). Results for the
initial temperature of Ti = me are shown in solid lines with shaded
regions corresponding to a factor of two higher and lower temper-
ature. The initial radius and temperature can be converted into
the total fireball energy by using equation (2). The trigger sensi-
tivities of BAT and GBM are shown in solid horizontal lines. The
exposure-corrected sensitivities estimated using equation (10) are
also shown in dashed horizontal lines.
threshold should be corrected for the sampling time window
as
N
app
lim =Nlim×
texp
δ tobs
, (10)
where N
app
lim is the apparent trigger sensitivity. Adopting
Nlim ∼ 0.21(texp/1s)
−1/2 cm−2 s−1(at εobs = 15–150 keV, as-
suming mean photon energy of 60 keV) with the min-
imum sampling time window texp = 4 ms for the Swift
Burst Alert Telescope (BAT, Barthelmy et al. 2005), and
Nlim ∼ 0.71(texp/1s)
−1/2 cm−2 s−1 (at εobs = 50–300 keV)
with texp = 16 ms for the Fermi Gamma-ray Burst Mon-
itor (GBM, Meegan et al. 2009), we estimate the appar-
ent trigger sensitivity as shown in figure 4. It can be seen
that the event triggering onboard may be challenging un-
less the initial fireball size is relatively large (∼ 106 cm).
Still, it is particularly interesting to search the archival X-
ray or gamma-ray data for photon events clustering within
a sub-millisecond time window. Conversely, the ultra-fast
photospheric emission discussed above is observable when
the fireball energy is sufficiently high, and this could be
the origin of initial gamma-ray spikes of giant flares (e.g.,
Thompson & Duncan 2001; Lyutikov 2006).
Another possible EM counterpart is afterglow emis-
sions. In the case of giant flares, radio afterglow emis-
sions have been detected from two sources (Frail et al. 1999;
Gaensler et al. 2005). For instance, late-time observations of
the radio afterglow from SGR 1806-20 set a constraint on the
total kinetic energy of ejecta ∼ 1044 erg (Granot et al. 2006),
which is in agreement with the fireball model if we take into
account a heavy baryon loading (Li & Sari 2008) or possi-
ble magnetic loading (Lyutikov 2006). However, at relatively
lower energies considered here (Efb . 10
40 erg), the expected
kinetic energy of fireball plasma in the coasting phase falls
MNRAS 000, 1–13 (2018)
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far short of the energy required to power observable radio
afterglows.
5 APPLICATIONS
5.1 PSR J1119–6127
The radio pulsar PSR J1119–6127 was first discovered by
Parkes 1.4 GHz pulsar survey with a spin period P∼ 0.4 s,
spin-down rate P˙∼ 4×1012 s s−1 and spin-down luminosity
of Lsd ∼ 2.3× 10
36 erg s−1 at 8.4 kpc (Camilo et al. 2000).
These spin-down parameters indicate that PSR J1119–6127
is relatively young (with characteristic age 1.9 kyr) and its
surface dipole magnetic field strength (B ∼ 4.1× 1013 G)
is close to the critical field strength. Several short bursts
were detected on 2016 July 27–28 by Swift–BAT and Fermi–
GBM (Go¨g˘u¨s¸ et al. 2016; Kennea et al. 2016; Younes et al.
2016) with a large flux increase in the soft X-ray band (out-
burst, Archibald et al. 2016), after which the radio pulsa-
tions became undetectable for two weeks and re-activated
again (Burgay et al. 2016) with a change seen in the radio
pulse profile (Majid et al. 2017).
More recently, Archibald et al. 2017 has reported the
detection of three short bursts on 30 August 2016 (with
an average energy of 1037 erg emitted within a few sec-
onds) that coincide in time with the suppression of per-
sistent radio fluxes. The burst spectrum is fitted with a
blackbody with peak temperature ∼ 2 keV, and the ra-
diative area at d = 8.4 kpc distance is estimated to be
about 1 km. As a possible explanation for this, they in-
terpret the short bursts as a thermal emission from the
magnetically confined fireball (Thompson & Duncan 1995),
and consider a leakage of a pair plasma from the trapped
fireball into the particle-accelerating region, which would
shield the electric field, resulting in the suppression of ra-
dio emissions. In that case, however, the cessation of parti-
cle acceleration should occur abruptly (with at most light-
crossing time of the radio-emitting region ∼ ms) rather than
continuously once the sufficient number of e± pairs is sup-
plied (Lyubarsky 2009; Timokhin 2010b; Timokhin & Arons
2013; Kisaka et al. 2016), which seems contradictory with
their interpretation of the “gradual” radio recovery (the ra-
dio light curve is fitted with an exponential recovery model
with a typical time scale ∼ 70 s). Moreover, the formation
of a fireball with its surface temperature (∼ 2 keV), which
is about three orders of magnitude lower than the internal
temperature me ∼ 511 keV, is unlikely.
Alternatively, we apply our general radio suppression
model to PSR J1119–6127 below. The time scale for the
radio recovery . 100 s could be accounted for by adopt-
ing fireball parameters of ri ∼ 10
5 cm and Ti ∼ 0.5me from
equation (6). This translates into an initial fireball energy of
Efb = aT
4
i r
3
i ∼ 10
38 erg, which is sufficiently large to generate
short bursts from surface hot spots (i.e., with an efficiency
Erad/Efb∼ 0.1). Substituting the observed blackbody temper-
ature of the short bursts ∼ 2 keV and the size of the radiating
region rspot = 10
5 cm (Archibald et al. 2017) into equation
(3), we estimate the duration of the thermal emissions to be
∆trad ∼ 5 Erad,37 r
−2
spot,5
(
Tspot/2 keV
)−4
sec, where we have as-
sumed that about 10% of the fireball energy (Efb = 10
38 erg)
is converted into radiation energy of the surface hot spot.
This roughly agrees with the observed duration ∼ 2–4 s and
the total radiation energy ∼ 1037 erg of three short bursts
on August 30th 2016 (Archibald et al. 2017).
Furthermore, the problem of the magnetic confinement
is easily solved if we assume a moderate formation height of
the initial fireball. Given a dipole magnetic field B ∝ r−3, the
magnetic pressure at an altitude hfb above the stellar surface
is PB = B
2/(8pi) ∼ 6.4× 1025(Bp/4× 10
13 G)2 h−6fb,6 erg cm
−3,
whereas the total pressure of the fireball with initial temper-
ature Ti is P = Pe +Pr = 11/4Pr ∼ 10
24 (Ti/0.5me)
4 erg cm−3,
where Pe and Pr are plasma pressure and radiation pres-
sure, respectively. The fireball therefore can escape from the
magnetic trapping (i.e., P & PB) when the initial condition
hfb & 20 km is satisfied. This critical height could be even
smaller if the magnetic field is dominated by the higher mul-
tipoles close to the neutron star surface. The non-detection
of the high-energy counterparts associated with these short
bursts is marginally consistent with the expected burst flux
shown in figure 4.
We also apply our model to the two-week disappearance
of radio pulsations after the 2016 July 27–28th short bursts
(Burgay et al. 2016). Given the two-week radio suppression
caused by a single burst, the initial fireball energy must ex-
ceed 1048 erg, which is comparable to that of giant flares and
thus seems unlikely. Instead, a viable scenario is that a series
of short bursts that are too faint to be detectable occurred
repeatedly or in succession during the initial outburst in July
2016, which suppressed the radio pulsation continuously for
up to two weeks.
5.2 Fast radio bursts
Fast radio Bursts (FRBs) are short-duration (∼msec), coher-
ent (∼GHz), bright (∼Jy) radio flashes with ∼ 1038–1040 erg
of energy per burst (Lorimer et al. 2007; Petroff et al. 2016).
Although their origin remains unknown, the large dispersion
measure (defined by the number density of free electrons in-
tegrated over the line-of-sight) of FRBs greatly exceeds that
for Galactic pulsars, suggesting their extragalactic origins.
Only one FRB (FRB 121102) is confirmed to repeat more
than 100 times at least. The detection of persistent radio
counterpart with luminosity ∼ 1039 erg s−1 (Chatterjee et al.
2017) leads to the firm localization of the host galaxy
at redshift ∼ 0.19. The possible connection between FRB
121102 and a young neutron star born after either super-
nova (e.g., Kashiyama & Murase 2017; Metzger et al. 2017;
Beloborodov 2017; Margalit et al. 2018) or binary neutron
star merger (Yamasaki et al. 2018) has been discussed in the
literature.
Provided that the neutron star activity is directly
responsible for the FRB generation, one possible trigger
mechanism is magnetar flares (e.g., Popov & Postnov 2010;
Lyubarsky 2014; Kulkarni et al. 2015; Pen & Connor 2015;
Katz 2016; Murase et al. 2016; Beloborodov 2017). The min-
imum requirement for these models is that the flare en-
ergy must exceeds that of typical FRBs (1038–1040 erg). As
shown in the left panel of figure 3, our radio suppression
model indicates that the ∼GHz radio emission associated
with an expanding plasma must originate at the distance
rem & 10
13 r
5/8
i,5 (Ti/me)
2ν−19 cm from the neutron star under
the most optimistic FRB efficiency of order unity. This in
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Figure 5. Geometries of scattering for a fireball plasma lens. (a) The observer is assumed to be located in the beam-plane which is
perpendicular to the spin axis. The light blue sphere represents the fireball plasma that is responsible for the plasma lensing. We assume
a circular radio beam and its projection onto the lens plane is shown as an equatorial belt (“beam-swept region”). Since the timescale
for lensing must be much longer than the spin period in order to avoid the radio suppression, this beam-swept region can be regarded
as being constantly radiating radio emissions. A light ray which intersects the spherical lens surface by the pitch angle ∆θ is assumed to
be deflected toward the observer. (b) Same as (a) but viewed in the beam-plane.
turn rules out any FRB models that predicts the radio wave
generation in the vicinity of the neutron stars (i.e., inside the
magnetosphere . 1010 cm). In contrast, our model prefers
scenarios in which FRBs are generated outside the magne-
tosphere, e.g., by the maser emission due to the termination
shock (Lyubarsky 2014) or the internal shocks (Beloborodov
2017). In such cases, our model predicts that an FRB should
occur at least rem/c∼ 100 s behind the giant flare.
6 DISCUSSION AND CONCLUSIONS
In this paper, we investigated relativistically expanding fire-
ball plasma as a possible origin both for short bursts and
simultaneous suppression of the persistent radio emission
from bursting neutron stars.
A sudden release of the magnetic energy inside the mag-
netosphere generates a fireball composed of e± plasma and
radiation. Under the condition that the radiation pressure of
the fireball exceeds the magnetic pressure, the fireball begins
to expand at relativistic speed, covering the magnetosphere
with dense e± plasma. This would lead the plasma frequency
to greatly exceed the radio frequency in the rest frame of the
plasma, resulting in suppression of the persistent (pulsed)
radio emission of bursting neutron stars. We analytically
derive the radial evolution of the plasma number density,
and estimate the characteristic time scale for the recovery
of radio suppression to be ∼ 100 s for a ∼ 1040 erg fireball.
On the other hand, some fraction of the fireball plasma may
heat the stellar surface via the particle bombardment, cre-
ating hot spots. The particle energy is converted to the hot
spot and immediately radiated away as a thermal emission,
which can give rise to a short burst with typical duration
of ∼ 100 ms. The ultra-fast gamma-ray flashes from the ex-
panding fireball photosphere are expected as a smoking gun,
although the onboard detection by current gamma-ray tele-
scopes might be challenging due the extremely short dura-
tion ∼ µs.
Then we applied our hypothesis to the radio pulsar PSR
J1119–6127 with magnetar-like short bursts. The observed
radio suppression timescale . 100 s is well explained by fire-
ball parameters of ri ∼ 10
5 cm and Ti ∼ 0.5me, correspond-
ing to an initial fireball energy of aT 4i r
3
i ∼ 10
38 erg. This
also permits ∼ 1037 erg short bursts at ∼ 2 keV. The ex-
pected gamma-ray counterpart has not been reported yet
for J1119–6127, presumably due to the detector’s sensitiv-
ity limit. However, an archival search for clustered photon
events in an extremely short time window contemporane-
ous with the time of short burst detection would be highly
intriguing. Our model can naturally explain the J1119 ob-
servations well, and this might be one of the causes of the
nulling and mode-changing commonly seen in radio pulsars.
The implications for FRBs are also discussed. Provided that
FRBs are generated by a plasma outflow that is also respon-
sible for magnetar flares, we argue that the radio emission
must be produced at r & 1013 cm from the neutron star,
which is a minimum requirement to avoid the absorption by
the plasma cutoff effect.
Our fireball model naturally explains the radio sup-
pression associated with bursting activities in J1119–6127.
However, it should be noted that a similar radio switch-off
phenomenon is commonly observed in radio pulsars: nulling
and mode changing. The global change in the magneto-
sphere is proposed as a possible mechanism for them (e.g.,
Wang et al. 2007; Timokhin 2010a). Indeed, since the dura-
tion of nulling and mode changing varies from one or two
rotations to even days, one cannot exclude the possibility
that they had played a role for 100 s radio suppression seen
in J1119–6127. The change in the mean radio pulse profile of
J1119–6127 also resembles those seen in mode changing pul-
sars (Archibald et al. 2017). Therefore, instead of ruling out
MNRAS 000, 1–13 (2018)
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this possibility, we only point out that our model could be
related to nulling and/or mode changing. In particular, the
radio suppression by a fireball with its energy sufficiently
low to remain undetected in X-ray bands would manifest
as nulling. This could be the origin of some short-duration
nulling events.
In most part of this paper, we have treated the fireball
plasma as radio absorber. After the recovery of radio pulses,
however, it might also work as a plasma lens that leads to
the light amplification, depending on the geometry and con-
figuration of radio pulses. Let us consider the simplified ge-
ometry shown in figure 5 (a), when the pulsar rotation axis
is perpendicular to its magnetic momentum. The observer
is assumed to be located in the beam-plane which is per-
pendicular to the rotation axis, and ray paths in this plane
are modelled as shown in figure 5 (b). We consider a radio
pulse that leaves the source at t = tp (> τrec) and reaches the
lensing point at t = tlens, corresponding to a travel distance
of rlens = c(tlens− tp). For simplicity, we assume the light re-
fraction takes place at r = rlens with a pitch angle ∆θ as in
the 1D thin lens model. In general, the phase of an EM wave
is given by the contributions of geometrical and dispersive
(group) time delays over a whole ray path:
Φ(u) = Φg(u)+ΦDM(u), (11)
where u is the transverse coordinate in the lens plane. A
minimum requirement for the strong lensing is ∆Φg ∼ ∆ΦDM
so that ∇Φ = 0 at some spacial scales (Main et al. 2018).
The difference in geometrical distance between the
wavefronts arises from ray paths outside the fireball plasma:
OL1 − OL0 = rlens [1−cos (∆θ/2)], where OL0 is the path
length of the closest approach from the lens to the observer.
This results in the geometrical phase change due to the
source motion as
∆Φg =
ν (OL1−OL0)
c
= ν
(
tlens− tp
)
ξ (∆θ ), (12)
where ξ (x) ≡ 1− cos (x/2). Meanwhile, the dispersive phase
change is expressed as
∆ΦDM(u) =−
kDM
ν
∆DM(u), (13)
where kDM = e
2/(2pimec)∼ 4148.808 s pc
−1 cm−3 MHz2is the
dispersion constant and ∆DM=
∫
nedz the excess of electron
column density along the ray path. In the case of fireball
plasma lens, the electron density evolution in the coasting
phase is estimated as (equation [A22) in appendix A]
ne(t) = 2.3×10
9 r
−3/4
i,5 E
1/2
fb,40 t
−2 cm−3, (14)
where t is the time from the burst onset, in units of seconds.
The increase in the dispersion measure along each ray path
is
∆DM =
∫ tlens
tp
ne(t
′)cdt ′ (15)
∼ 20 r
−3/4
i,5 E
1/2
fb,40
(
t−1p − t
−1
lens
)
pc cm−3 (16)
Therefore, the dispersive phase change at ∼GHz frequencies
is
∆ΦDM = 8.3×10
7 ν−19 r
−3/4
i,5 E
1/2
fb,40
(
t−1p − t
−1
lens
)
. (17)
Equating equation (12) and (17), we obtain tlens as a function
Figure 6. Constraints on the parameter space that might pro-
duce strong plasma lensing event: the elapsed time t since the
burst onset and lensing pitch angle ∆θ with assumptions of
tp = τrec, 2τrec, 5τrec (colored). Solid lines and dashed lines repre-
sent the upper-limit (tlens) and lower-limit (tp) on the timescale of
plasma lensing, respectively.
of the pitch angle ∆θ
tlens ∼ 1.8×10
−4 ν−19 r
1/2
i,5
(
tp
τrec
)−1
ξ (∆θ )−1 sec. (18)
The allowed parameter space for typical tp are shown in
figure 6. This indicates that we can expect a strong lensing
event on the order of & 103 sec after the burst onset only
when ∆θ . 10−3. The pulse width for typical radio pulsars
is roughly 1–10 % of the spin period, so we cannot expect
to find plasma lensing for ordinary radio pulses but for a
radio pulse with sub-millisecond structures. Other possible
candidates for strong plasma lensing are ultrashort duration
pulses with widths of order sub-millimsecond (∼ P∆θ ), e.g.,
giant radio pulses in the Crab pulsar and FRBs.
In addition to the model prediction presented above,
the following prediction can be made based on our hypoth-
esis. The energy distribution of short bursts is known to be
a single power-law (Cheng et al. 1996; Go¨gˇu¨s¸ et al. 1999;
Go¨tz et al. 2006; Nakagawa et al. 2009). This implies that
the number of bursts should dramatically increase with de-
creasing energy. In reality, however, bursts at the faint end of
the energy distribution remain undetected owing to insuffi-
cient sensitivity of current X-ray detectors. Since our model
predicts the association of short bursts with radio suppres-
sion, there is a possibility that radio suppression could be
used as a tracer of the short burst. Even for an extremely
low-energy fireball with Efb ∼ 10
34 erg, the corresponding ra-
dio shut-off time scale is τrec ∼ 30r
−7/8
i,3 (Efb/10
34erg)1/2 ν−19 s,
which is much longer than the typical spin period of mag-
netars ∼ O(1 s) and thus readily resolved in the radio light
curve. Therefore, the radio monitoring of known radio pul-
sars or magnetars for which radio pulsations are confirmed
would enable us to constrain the burst rate at lower en-
ergies. Such unresolved bursts may significantly contribute
to the soft thermal component of persistent X-ray emis-
sions from magnetars (Thompson & Duncan 1996; Lyutikov
2003; Nakagawa et al. 2018). The spectral similarities be-
tween short bursts and the persistent emission during the
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10 Yamasaki et al.
outburst phase also support this possibility (Enoto et al.
2012).
The Galactic search for pulsars with the Square Kilo-
meter Array (SKA) is expected to yield ∼ 20,000 new pul-
sars (Keane et al. 2015). Statistically, a small but significant
fraction (say 1 %) of these should be radio pulsars with mag-
netar activities, which could be used to test our hypothesis
through simultaneous radio and X-ray observations in the
near future.
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APPENDIX A: RELATIVISTIC PLASMA
FLOWS
A1 Dynamical pair equations
A sudden release of pure energy into a relatively compact
region around the source generate a so-called “fireball”. We
treat the fireball as a spherically expanding relativistic fluid
composed of e+e− pairs and γ photons (“e±γ fireball”). Pho-
tons can be regarded as a relativistic fluid, since they are
strongly coupled with pairs due to the extremely small mean
free path between collisions. The conservation of energy and
momentum for a steady hydrodynamical flow in spherical
symmetry read
1
r2
d
dr
{
r2(U +P)Γ2β
}
= G0, (A1)
1
r2
d
dr
{
r2(U +P)Γ2β 2
}
+
dP
dr
= G1, (A2)
where U =Ue+Ur is the total energy density, and P= Pe+Pr
being the total pressure. Subscripts “e” and “r” denote the
plasma term and the radiation term, respectively. All the
quantities are measured in the fluid rest-frame. β and Γ
are the dimensionless three-velocity and bulk Lorentz fac-
tor defined as Γ≡ (1−β 2)−1/2. Gµ is the radiation four-force
density (Mihalas & Mihalas 1984). Under the optically thick
condition (τ ≫ 1), there is no radiation flux (G0 = G1 = 0),
and the radiation field stays close to the blackbody spec-
trum since the photons experience so many collisions that
they inevitably thermalize before reaching the photosphere.
Therefore Ur = aT
4 = 3Pr, where T is the temperature of the
fluid. The evolution of the electron number density is tracked
by the Boltzmann’s equation integrated over the momentum
phase space:
1
r2
d
dr
(
r2neΓβ
)
=−〈σannv〉
(
n2e −n
2
e,eq
)
. (A3)
The right-hand side of equation (A3) represents the net pair
creation rate (n˙e) due to collisions in e
++e−⇋ γ+γ ′ interac-
tion. The pair annihilation cross-section is almost constant
for kT < mec
2 being approximately 〈σannv〉 ≈ pir
2
e with re the
classical electron radius (Svensson 1982).
A2 Evolution
The evolution of e±γ fireball including ne evolution has
been studied in great detail by Grimsrud & Wasserman
(1998), and later developed by a number of authors (e.g.,
Iwamoto & Takahara 2002; Nakar et al. 2005; Li & Sari
2008). Here we follow their formulation. We assume that
the fireball starts with initial conditions, i.e., a Lorentz fac-
tor Γi, temperature Ti and radius ri. Combining the equation
of state for a relativistic gas U = 3P, equation (A1) and (A2)
reduce to a set of useful scaling laws that describe the ra-
dial evolution of Lorentz factor and temperature (Paczynski
1986; Goodman 1986):
Γ≈ Γi(r/ri), T ≈ Ti(ri/r). (A4)
As will be shown below, the evolution of the fireball falls
into five phases, characterized by the corresponding radii
that determine the physical state of the fireball.
A2.1 Phase I (τ ≫ 1 and T &me)
Initially, the fireball temperature is expected to large (T ≫
me) so that the pair plasma is in equilibrium state ne = ne,eq,
where ne,eq is described in equation (1). The fireball is ini-
tially confined at rest and immediately start to expand at a
speed close to c, while the temperature decreases. Let r = rm
the radius at which the temperature equals to the electron
rest mass energy. Then we obtain
rm
ri
≈
Ti
me
, (A5)
simply because Tr = const. from equation (A4). The density
evolution for r > rm is
ne(r) =
2
(2pi)3/2
λ−3C
( rm
r
)3/2
e−r/rm (A6)
as long as the pair equilibrium is met.
A2.2 Phase II (τ ≫ 1 and T < me)
After the phase I, ne soon starts to deviate from ne,eq, since
ne,eq decays exponentially with decreasing T . Let us assume
a small deviation δne,eq from ne = ne,eq so that n
2
e − n
2
e,eq ≈
2ne,eq δne. Then equation (A3) yields
δne ≈ −
1
2r2〈σannv〉ne,eq
d
dr
(
r2ne,eqΓβ
)
≈ −
Γ
2r〈σannv〉
[
3+
d lnne,eq
d lnr
]
≈
Γ
2r〈σannv〉
me
T
, (A7)
where we make use of Γ ∝ r in the second deformation and
d lnne,eq/d lnT ∼ me/T in the third. Let r± (T±) the radius
(temperature) at which the deviation grows to the same or-
der as the equilibrium density (ne,eq = δne). Then we obtain
the following equation
2
(2pi)3/2
λ−3C (T±/me)
3/2
e−me/T± =
Γ±
2pir2e r±
me
T±
. (A8)
Using T±r± ≈ merm and Γ±/r± ≈ Γi/ri, this reduces to
r±
rm
= ln
{√
2/piλ−3C r
2
e ri/Γi
}
−
5
2
ln
(
r±
rm
)
(A9)
It can be seen that r±/rm weakly depends on ri. Evaluat-
ing equation (A9) numerically, we obtain an analytic fitting
formula:
r±
rm
≈ 13.4+ log
(
ri,5
)
. (A10)
Thus we get r±/rm ∼ 13 for a reference initial radius ri = 10
5
cm 1, and the corresponding temperature T± = me(rm/r±)∼
0.08me (weakly dependent on ri). Consequently, the electron
number density at r = r± is estimated as
ne(r±) = ne,eq(r±)+δne(r±)≈ 2δne(r±)
∼
1
pir2e
(
Γi
ri
)(
r±
rm
)
∼ 5.2×1020 Γi r
−1
i,5 cm
−3, (A11)
1 Grimsrud & Wasserman (1998) originally obtained r±/rm ∼ 33
for ri = 10
6 cm, which seems to an overestimate because they sim-
ply neglect ln (r±/rm) appearing in the right-hand side of equation
(A9).
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where we have used equation (A10) in the last derivation.
A2.3 Phase III (τ ∼ 1 and T . me)
For r > r±, pairs have already deviated greatly from the equi-
librium state (ne≫ ne,eq) and the pair equation (A3) becomes
simply
1
r2
d
dr
(
r3ne
)
=−pir2e
r±
Γ±
n2e , (A12)
where we have used Γ = Γ±(r/r±). Namely, the pair annihi-
lation dominates the pair creation since the number of high-
energy photons decrease. This can be solved analytically:
ne(r) =
ne(r±)
1+(1/3)(r±/rm)[1− (r±/r)3]
( r±
r
)3
. (A13)
Then we can calculate the optical depth to the electron scat-
tering as
τ(r) =
∫ ∞
r
2ne(s)σT (1−β )Γds
= −
8
3
ln
{
1−
(1/3)(r±/rm)(r±/r)
3
1+(1/3)(r±/rm)
}
(A14)
where σT = 8pi/3r
2
e is the Thomson cross-section. We de-
fine the photospheric radius rph at which the optical depth
becomes unity [τ(rph) = 1]. Then we get
rph
r±
=
{(
1−e−3/8
)(
3
rm
r±
+1
)}−1/3
∼ 1.4, (A15)
with the corresponding temperature Tph ∼ T±(r±/rph) ∼
0.06me.
A2.4 Phase IV (τ . 1 and T ≪ me)
When τ . 1, photons start to stream freely, and the single
fluid approximation [equation (A1) and (A2)] does not hold
anymore. Nevertheless, pairs continue to accelerate up to the
certain point where the escaping radiation could no longer
supply enough energy to pairs. The Lorentz factor of pairs
(Γ) evolves as
dΓ
dr
=
σT Fr
mec3
, (A16)
where Fr is the photon energy flux in the local rest frame of
pairs. We can relate the photon energy flux in the rest frame
of pairs to the photon internal energy in the rest frame of
photons by a simple Lorentz transformation:
Fr = Γ
2
relβrelc(U
′
r +P
′
r), (A17)
whereU ′r and P
′
r(=U
′
r/3) are the radiation energy density and
pressure in the rest frame of photons, respectively. Since the
photon energy density in the rest frame of free streaming
photons can be approximated by a blackbody, we can write
as U ′r = aT
4
r , where Tr is the photon temperature in its rest
frame (Li & Sari 2008). Γrel is the Lorentz factor for the
relative velocity βrel of photons (βr) with respect to the pairs
(β ), which can be written as
Γrel = ΓΓr(1−ββr)∼
1
2
(
Γr
Γ
+
Γ
Γr
)
, (A18)
where Γr is the Lorentz factor of photons. Note that photons
do not completely decouple from the pairs at this stage and
thus Γr has a finite value. Then we arrive at
dΓ
dr
=
aT 4r
3
[(
Γr
Γ
)2
−
(
Γ
Γr
)2] σT
mec2
(A19)
Combining Tr = Ti(ri/r) and Γr = Γi(r/ri), the asymptotic
Lorentz factor of pairs is obtained as (Li & Sari 2008)
Γ∞ ≡ lim
r→∞
Γ∼ 1.46
(
3mec
2
riaT
4
i σT
)−1/4
∼ 1.1×103 Γi r
1/4
i,5
(
Ti
me
)
(A20)
Conversely, the radius r = r∞ at which Γ= Γ∞ is estimated as
r∞ ≈ (Γ∞/Γi)ri. Relating r∞ with rph ∼ 18(Ti/me)ri, we finally
obtain
r∞
rph
∼ 61r
1/4
i,5
(
Ti
me
)
(A21)
The electron number density at r = r∞ is ne(r∞) ∼ 3.3×
10−7 r
−3/4
i,5 ne(r±)∼ 1.7×10
14 r
−7/4
i,5 cm
−3.
A2.5 Phase V (τ ≪ 1 and T ≪ me)
For r > r∞, the pair annihilation does not occur any more due
to the small pair number density, and thus the total number
of pairs preserves. Neglecting the right-hand side of equation
(A3), we obtain ner
2 = const. Namely, the evolution of the
electron number density is
ne(r) = ne(r∞)
( r∞
r
)2
. (A22)
A3 Baryon loaded fireball
If the initial fireball forms in the vicinity of the neutron star
surface, it is expected that some amount of baryons should
be contaminated, which could break the equality of the pair
number density (ne− > ne+) and might affect the late time
evolution. Conservation of baryon number and energy reads
M˙ = 4pir2Amp nΓβ = const, (A23)
L = 4pir2(U +P)Γ2β = const, (A24)
where n is the baryon number density with mass number A
(and atomic number Z) and mp being the proton mass. We
assume the charge neutrality ne− = ne+ +Zn and introduce a
dimensionless entropy
η ≡
L
M˙
, (A25)
which represents the radiation-to-baryon ratio. We can see
that the adiabatic evolution (Γ ∝ r and T ∝ 1/r) breaks up
when the kinetic energy begins to dominate the radiation en-
ergy. This transition takes place when U +P∼ Ampn with a
corresponding radius rM = η (ri/Γi), above which the Lorentz
factor stays constant (Γ∞ = η). A critical value of η is ob-
tained as
ηc ∼ 200
(
Z
A
)1/4
r
1/4
i,5 Γ
3/4
i
Ti
me
, (A26)
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by simply setting rM = rph
2.
In the case of extremely heavy baryon loading η . ηc,
the number density of positrons becomes negligible com-
pared to that of both electrons and baryons (hence ne ∼ Zn).
Setting (U +P)i ∼ aT
4
i in a set of equations (A23)–(A25),
the radial evolution of the electron number density may be
estimated as
ne ∼
aT 4i Γi
mp
(
Z
A
)
×
{
η−1 (r/ri)
−3 (r < rM)
η−2 (r/ri)
−2 (r > rM),
(A27)
Remarkably, the observed plasma frequency νp ∝ Γn
1/2
e does
not depend on η at r > rM since ne ∝ η
−2 and Γ = η.
Meanwhile, for a moderate baryon loading η ≫ ηc, the
coasting Lorentz factor can be estimated in much the same
manner as we employed with baryon-free fireball. We define
the effective electron mass m˜e as
m˜e =
2mene +Ampn
2ne
∼ me +
Amp
2Z
. (A28)
Here we assume the number density of electrons and
positrons are nearly equal outside the photospheric radius.
By replacing me with m˜e in equation (A20), the coasting
Lorentz factor Γ∞ is found to reduce at most by a factor
of (Amp/2Zme)
1/4 ∼ 6(A/Z)1/4 compared to the baryon-free
case. The inequalty between electron/positron number den-
sity does not significantly change req and rph throughout
η > ηc (Grimsrud & Wasserman 1998).
Therefore, we conclude that the evolution of electron
number density conserves as long as the baryon contamina-
tion is small (η ≫ ηc). Given the heavy baryon loading, the
density at the coasting phase (phase V) would reduce by a
factor of 6(A/Z)1/4 at most, since ne(r) ∝ r
−1
∞ ∝ Γ
−1
∞ .
This paper has been typeset from a TEX/LATEX file prepared by
the author.
2 Note that, the optical depth is approximated as τ ≈ ZnσT r/Γ,
taking into account baryon-associated electrons.
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